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SPARK IGNITION OF FLOWING GASES

By CLYDE C. SwEm, Jr.

SUMMARY

Research conducted at tb NACA Leunk laboratory on igni-
tion oj j?ounhg gmes by meam of long-duration discharges is
summarizedand analyzwi. Data showingthe e$ect oj ajbwing
combustibk mixture on tlwphyeicu.1and e-lectricdcharacteridcs
of spark di8charge8and datu 8howkg the e~ects of mri.ableson
the spark energgIrequiredfor @nlion of the combu.8tWemitiure
are presented. A theory of ignition that hu-sbeen developedto
predict the e~ect of many of the gaa-streamand spark variubla
is described and applied to a limited amownt of mperinwda.1
data.

The trends ob8eruedjor ignition in%~ gases were similar
to those observedin quie$cent gmwawith the exception W in-
creasing velocity and turbw?enmin-mead h igni$ion energy
reguirementa. Lengthening oj the didturge path by thejlawing
streamr&in k#8 energy being avaihzbbto the importantpart
oj the discharge length. Flow al-soCUUSMmultiple discharg~
which 8hmdd be avoided since they repmtmt an ener~ los8.
Less energy is requiredjor ignition with an “arc” dzkcharge
than with a “glow” didiarge. Ejhzta oj moti of the variabkx
on ignition energy requirenwm$swere predicted by theoretical
eguations; tb e@ct9 oj jwel-air Taiw, however, required an
empirical correction to the equ@ion8.

INTRODUCHON

Spark discharges are ordinarily used as the ignition source
in aircraft engines. While such discharges are normally
reliable sources of ignition, di.fliculty in starting jet engines
has been encountered under these conditions:

(1) Ground starting in cold climates
(2) Altitude starting of wxiliary engines
(3) Altitude restarting of engines after flame blowout

Basic information on spark ignition of flowing gases might
indicate the reasons for these ignition problems and might
lead to the development of lighter weight, more efficient, and
more reliable ignition systems,

For these reasons, the NACA Lewis laboratory has studied
spark ignition in flowing gases; the object has been to promote
understanding of the ignition process. The results of this
work are report ed in references 1 to 6. The present report
summarizes and analyzes these results and points out their
significance in relation to practical ignition problems.

The fundamental aspects of ignition of flowing combustible
gases are considered in three sections of the report. I?irst,
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the effect of g as velocity on the spark discharge is considered
The voltage necessary to forma spark, the physical shape of
the spark discharge, and the electrical characteristics of the
dischmge under flow conditions are discussed. Second, the
energy required to ignite flowing gases is considered. The
parameters that affect the energy required for ignition are
presented. The trends observed are compared with those
observed with quiescent gases. Third, a theory which re-
lates the factors affecting ignition is described. Correlations
of experimental data based on the theory are presented.
The concluding section points out the significance of the
research in relation to practical ignition problems.

The following characteristics and parameters were investi-
gated experimentally:

(1) Spark characteristics:
Breakdown voltage
Spark-discharge length
Multiple discharges
Current
Voltage
Voltage distribution
Spark duration
Energy
Energy distribution

(2) Ignition energy parameters:
VelociQ
Pressure
Fuel-air ratio
Temperature
Turbulence
Spark duration
Electrode spacing
Electrode diameter
Electrode configuration
Type of discharge
Electrode material

(3). Ignition theory parameters:
Velocity
Pressure
Fuel-air ratio
Temperature
Turbulence
Spark duration
Electrode spacing
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Most of the research was conducted at pressures of 2 to 5
inches of mercury absolute. Liniitfbtions of energy-measure-
ment equipment precduded operation at higher pressures
wheye the energy requirements would be reduced. The re-
search was conducted with two types of apparatus: (1)
simple flOTV equipment that had no provisions for controlling
tnirbulence and (2) Gqfiprnefit%iit lad complete control of
turbulence level. Only one combustible gas, a propane-air
mixture, was used. This gas was ignited by a single long-
duration spark discharge obtained from a resist ance-capaci-
trmce ignition system.

SYMBOLS

constant
constants

specilic heat at constant pressure
quenching distance of quiescent mixtures
energy of activation
energy in cnthode region
energy in line source of ignition
theoretical energy in line source of ignition re-

quired to heat ignition zone to flame tempera-
ture

energy in positive column
total energy of spark dischaqge

functions of intensity of turbulence

current in discharge
convemion factor, heat to electrical energy
longitudinal scale of turbulence
mesh size of turbulence promoter
constant
average power in total spark discharge
average power in line source of ignition

static preswre
heat of combustion of fuel
~gs constant
radius of heated zone caused by energy in line

source of ignition
electrode spacing
ambient temperature
flame temperature

thickness of reaction zone across which the tem-
perature change is TF—T=.

time
spark duration
stream veIocity
intensi~ of turbulence
cathode voltage drop
total voltage of discharge
mole haction of fuel
mole fraction of oxygen
distance from turbulence promoter to spark

electrodes
thermal conductivity
density
work function of electrode

APPARATUS AND PROCEDURE

PLOW APPARATUS

The important features of the flow apparatus usecl are
shown in iigures 1(a) and (b). The complete systems are de-
scribed in detail in references 2 to 6. Basically, the apparn-
tus produced controlled-flow rxmditicms of premixed propnno
and air in a test section in which the spark electrodes wero
located. Provisions were made for observing the spark nncl
the flame. The criterion for ignition was uppeamnce of
flame downstream from the electrodes. In the simplo flow
apparatus (fig. 1(a) ), the pressure, temperature, and velocity
of flow were controlled. No attempt was made to vary the
turbulence. The controlled-turbulence flow apparatus (fig.
1(b)) had a series of iine mesh screens to reduce the turbu-
lence in a large section, a nozzle to accelerate the flow into
the test section, a plate for installing different turbulence
promoters upstream of the electrodes, and movable elec-
trodes for varying the distance between the electrodes and
the turbulence promoter.

IGNITION SYSTEMAND ENERGYMEASUREMENT

The ignition and energy-mmetming systems used am cle-
scribed in detail in reference 3; they are shown schematically
in figure 1(c). The condenser is charged and then discharged
through a combination of r@stors to cause a spark discharge.
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TIM energy and duration depend upon the relative values
of condenser capacity, the voltage, and the resistances.

The voltage of the dischargo was reduced by means of a
balanced resistance-capacitance voltage divider (ref. 3) and
applied to the vertical plates of the oscillograph. A current-
mensuring resistance placed in series with the spark gap
produced a voltage that was applied to tlielorizontal plates.
These two voltages in conjunction with timing marks sup-
plied by an oscillator gave an oscillogram from which energy
and duration of the discharge could be determined.

The procedure used with this apparatus was as follows:
the desired flow conditions were set, and a spark discharge
was passed between the electrodes. Tests were run with
varying amounts of energy until the minimum amount of
energy that would cause ignition was determined. Then
one or more oscillograms were obtained depending upon
reproducibility at the particular condition. A more de-
tailed description of the procedure used to obtain and analyze
the ignition data is presented in references 1 to 6.

TURBULENCEMEASUREMENT

Descriptions of the hot-wire anemometer apparatus and
methods used to measure the turbulence are included in
reference 7. Single-wire probes measured the velocity
fluctuations in the longitudinal direction, and X-wire probes
measured the velocity fluctuations in the lateral direction.
A difference circuit was used in the lateral measurements
to obtain the ditl’erence in velocity fluctuations from the
two wires of the X-wire probes. The spectrum of the
turbulence was analyzed by means of a wave analyzer. An
~verage-square computer totaled the kinetic energy in the
velocity fluctuations to give the intensity of turbulence.

Measurements of the turbulence were made as follows:
With the spark electrodes removed, the probe was inserted
into the test section and located so that the hot wire would
be at the center of the duct. After flow conditions were
established using air in place of the combustible mixture,
tho intensity of turbulence was determined and a spectrum
analysis made to determine the scale of the turbulence.

CHARACTERISTICS OF SPARK DISCHARGES IN FLOWING
GASES

Tho characteristics of spark discharges in flowing gases
were determined using air or a propane-air mixture. The
ignition and energy-measuring system (fig. 1(c)) was used
except for the breakdown voltage test, for which a simple
power supply was used.

BREAKDOWNVOLTAGE

Tho breakdown voltage, or the lowest voltage that will
cause a spark to be established between two electrodes, is
one of the primary considerations in selecting an ignition
system. The breakdown voltage of a spark gap in quiescent
gas increases with electrode spacing and gas densi@- and, to
some extent, is dependent on the electrode configuration
(ref. 8). The effect of gas velocity on voltage must also be
known, since in aircraft jet engines a flowing fuel-air mix-
ture must be ignited.

Figure 2 shows the effect of velocity and pressure on the
direct-current breakdown voltage of Zo- and Xo-inchdimneter

electrodes in air. These electrodes result in experimental
data obtained under nonuniform (distorted) electrostatic
field conditions. These data lie below l?aschen’s curve
obtained for uniform or undistorted fields (ref. 8). For the
larger electrode there is no effect of velocity on breakdown
voltage. For the smaller electrode there may be a s@ht
effect of velocity; however, for practical purposes the effect
is negligible. Hence, it may be concluded that flowing
gases do not have an adveme effect on the breakdown voltage
of a spark gap.

SPARK-DISCHARGELENGTH

The spark discharge established in h flow-iug gas ionizes a
small channel of the gas. This ionized channel is subject
to the motion of the sti.eam. Therefore, the discharge
should mo-rc N-ith a velocity i.dentictil to the stream velocity.
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I?IGUEE2.—Effect of pressure on direct-current breakdown voltage
of spark gap in air. Tempemture, 80° F; oleotrode spacing,
0.250 inch. (Data from ref. 1.)
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The length of the discharge then varies with time and the
shape appro.simates that shown in figure 3. At the instant
the d~charge is ii.rst established (t=O) in the flowing stream
of velocity U, the discharge passes in a straight line between
the electrodes. However, at some later times t and t,(the
instant the discharge ceases), the ionized path moves down-
stream and the discharge has the forms shown in figure 3.
The paths shown in figure 3 are idealized; actually, consider-
able rounding of the discharge where the horizontal and ver-
tical portions intersect would be expected. In theoretical
analyses prwented herein such rounding is neglected.

The distance traveled by the discharge at any time tisUt,

and the maximum distance traveled by the discharge is Ut,.
Some visual measurements have been made of the effect of
U on the mtium distance traveled (fig. 4). The distances
agree within 1.2percent with the values calculated by multi-
plying U and t,. The reasons for this large discrepancy
may be that the technique for measuring durations was not
fully developed at the time this particular set of data was
obtained and that visual measurements were not very
accurate.

The total spark length is made up of the horizontal and
vertical lengths of the discharge and is equal to s+2 Z7tfor
any time less than the discharge duration and s+2 Ut, for
the discharge duration. The value 8+2 Ut, is the maximum
length that the discharge attains; rounding at the corners
(fig. 3) shortens the length.

BfULTIPLE DISCHARGE-9

The length and, hence, the resistance of the spark discharge
are directly proportional to the stream velocity and time, so
that for constant current the discharge voltage must increase
with Ut.. If thisvoltage increase is large enough to reach
the breakdown voltage of the spark gap, a second spark is
established directly between the electrodes, and the new
discharge in turn also moves downstream. The first dis-
charge ceases at the formation of the second discharge.
The number of sparks that can be formed in this manner

Stream velocity, ft/sec

FI~URB 4.-Effeat of airsb-eam velooity on observed downstream
displacement. Pressure, 11.36inchesof meroury absolute; tempera-
ture, 80° F; electrode spaoing, 0.250 inch; electrode diameter, fia
inch. (Data from ref. 1.)

depe@s upon Ut, and also on the voltage output chmactor-
istics of the spark source. These multiple dicharges should
be distinguished from the repetitive discharges deliberately
produced by commercial ignition systems. Such discharges
may occur many times per second.

Table I shows the number of additional sparks formed aftm
the initial spark for various conditions of air velocity, elec-
trode spacing, electrode diameter, and pn%sure for one spark
source. The number of sparks increases with increasing
velocity, decreasing spacing, and decreasing pressure. 170r
the data presented in table I, electrode diameter was un-
important. Increasing the duration of the discharge or the
output voltage should also increase the number of spurks
formed.

TABLE I.—NUMBER OF SPARICS AFTER INITIAL SPARI{
FOR VARIOUS CONDITIONS OF AIR V~LOCITY, E~{~
TRODE SPACING. ELECTRODE DIAMETER.j
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Multiple sparks are probably not desirable for igniLion--
since the discharge energy is then distributed ovor too many
separate channels or volumes. Moro energy is contained
in the first of the multiple discharges than in the otlmrs, and
that energy should be responsible for ignition.

CURRENT

The current of a spark discharge is determined largely by
the impedance of the ignition source and to some extent by
factors of the spark gap, especiab’ ~ the c~e of long-dur~Lion
discharges generated by a high-impedance source.

It can be show-n that the current in the spark discharge
using the ignition source shown in figure 1(c) should docrenso
exponentially during the life of the discharge if the gap re-
sistance is constant. Actually, the resistance does vary

somewhat so that the current does not decrease quite expo-
nentially during the latter stages of the discharge, evm under
quiescent conditions. Also, as noted previously, the length-

ening of the discharge under flow conditions incrm.ses tlm
resistance so rapidly that there is a marked decrease in Lho
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current. These effecb are show-n in ~figure 5(a), which
compares the current and time characteristics of five dis-
charges at various air velocities. At zero velocity the current
decays almost exponentially. With flow the current de-
creases at a greater rate, the higher velocities causing greater
decreases. Secondary spark dischrmgcs are formed at 400
and 500 feet per second as indicated by breaks in the curves
(@. 6(b)). The average rate of current decrease for the
highest velocity is about twice that for no flow.

VOLTAGE

The total voltage of a discharge varies to a much greater
extent with velocity than does the current. Total volt~’e
also depends upon current, type of discharge, gas density,
electrode spacing, and gas; it does not vary uniformly along
the length of the discharge. Because this nonlineiu-ity may
havo some bearing on the ignition process in combustible
mixtures, this section discusses the component parts of the

Cathde Pasitive
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i
I

Valtage

c

FIGUZE 6.—Variation of voltage along constanticurrent discharge.

total voltage in addition to considering factors affecting the
total voltage.

Component parts of the total voltage.-The total voltage
of a discharge is the sum of the voltage drops in a number of
specilic regions along the length of the discharge. Consider
the voltage along the discharge at any instant of time (fig. 6).
At the negative or cathode end of the discharge there is a
voltage change defied as the cathode drop. This drop can
represent a considerable portion of the total voltage, and
it occurs within an extremely short distance from the cathode.
Next to the cathode-drop region is a region known as the
positive column that occupies most of the discharge length.
The voltage increa.w linearly with distance in this region.
Between the end of the positive column and the anode there
is another voltage change defined as the anode drop. This
drop also occurs close to the electrode and has a magnitude
approximately equal to the ionization potential of the gas
(10 to 15 volts). Actually, both the anode and cathode
regions contain one or more regions, but such division is
unimportant for the present discussion. Reference s dis-
cusses all the regions in detail.

The cathode voltage drop determines the type of discharge
that exists. Figure 7 shows ho-w the cathode drop varies
qualitatively with current and shows the general regions of
the various types of discharges. The current of the spark
discharge is continuously varying with time and therefore
defines some portion of this curve. As the current is in-

I 1 I I I
1o-6 IO-3 @ I 10 I&

Current, amperes

Fmmzn 7.—EfTeot of discharge anrrent on cathode voltege drop.
(Data from ref. 16.)
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creased from point E the voltage remains constant. to point
F. The region between E and F is defined as the normal
glow discharge region. I?rom F to H the voltage increases;
this region is defined as the abnormal glow discharge region.
From H to K the voltage decreases through a transition
region with an arc discharge originating at point K. The
cathode drop in the arc diecharge can decrease to the order
of magnitude of the ionization. potential (10 to 15 volts).
Frequently, the curve may be discontinuous between H and
K, or the peak at H may not be observed; that is, the dis-
charge may change from an arc to a normal glow without
passing through the abnormal glow region.

Most of the ignition data reported herein were obtained
with glow discharges. Therefore, the discussion is primarily
concerned with the glow discharge, although many of the
trends observed also apply to the arc discharge.

Methods are given in references 3 and 6 for determining
cathode voltage drops experimentally at no flow and with
flow, respectively. These methods assume the anode drop
to be negligibly small. Figure 8 shows the cathode voltage
drop determined for five electrode materials. The cathode
drop is independent of current for the brass and cadmium
electrodes. This effect is typical for the glow discharge
(fig. 7). The cathode drop for the other metals is not inde-
pendent of current, possibly because of the tendency of the
discharge to be an abnormal glow discharge- The effect may
rdso be partially due to experimental errors in the determina-
tion of the voltage.

The cathode-drop data shown in figure 8 correlate to a
certain degree with the work function of the electrode mate-
rial. The work function is a measure of the work required

Current, amper=

Fmmm S.—Effect. of current on cathode voltage drop for five elec-”
trode materials. Pressure, 3.0 inches of meraury absolute; tem-
perature, SOOF; fuel-air ratio, 0.0635;gas stream velocity, 5.o feet
per second; duration of discharge, approximately 600 micro-
seconds. (Data from ref. 3.)
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to extract from the electrode the eleetrons that are necessary

for maintaining the discharge. The correlation is shown in
@me 9. The limits of the data cover the range of work
functions found in the literature (ref. 9) and the rnngo Of

cathode drops shown in figure 8.

The positive-column voltage is obtained by subtracting
the cathode drop from the total voltage drop. The indi-
vidual voltage drops, together with tistant,aneo~l~c~llTen t
data, determine the energies dissipated in the cnthode region
and in the positive column.

Total voltage,-The variation in voltage of rL disclmrgo
with time is shown in figure 5(b). At zero velocity there is
a gradual increase in voltage with time as the current
decreases (&. 5(a) ). This effect is the result of the negative
characteristic, that is, increasing voltage with decreasing
current, typical of an arc discharge (fig. 7). With flow
the rate of voltage increase is much greater because of
lengthening of the discharge path. When the voltage roaches
the breakdown voltage of the gap, approximately 5000 volts
for the 400-foo&per-seccmd curve, a new spark forms directly
between the electrodes. The voltage then immediately falls
to a low value and begins to increase again, as the second
discharge moves downstream.

With a glow discharge at high flow, the same trend found
for the arc discharge is observed; however, at low or no flow
the trend is opposite. That is, the voltage decreases m the
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current decreases during the life of the discharge. In this
respect the glow discharge behaves somewhat like a
resistance.

At the present time, the total voltage of a discharge cannot
be predicted by any theoretical considerations. Empirically,
the factors which determide the total voltage o, have been
shown to be related by the following equation:

&

Vl=V,+3608+3460ti (1)

where v. is the cathode drop, and the units are volts, amperes,
nnd inches. A plot of this empiricil equation is presented
in figure 10. The total voltage varies linearly with spacings
when the current i is constant. In like manner, the total
voltage varies linearly with current when the spacing is
constant.

SPARK-DISCHARGEENERGY

The most important characteristic of a discharge insofar
as ignition is concerned is the energy dissipated in the dis-
charge. The effect of several operating and design variables
on the total energy and the ditilon of total energy into its
component parts me considered in this section.

Effeot of variables on total energy.-The effect of velocity
and pressure on total energy are shown in iigure 11 for
constant voltage, resistance, and capacitanw of the ignition
source. Energy increases with velocity and pressure. The
energy increase occurs even with constant settings of the
ignition source because of the manner in which the energy
divides between the resistance of the discharge and the
resistance in the ignition source. The discharge resistance
is greatest at the higher velocity and, therefore, absorbs a
g-renter portion of the energy. While the energy released in
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FIGURE 10.—Empirical correlation of total discharge voltage with
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the discharge increases with flow velocity, it is also dis-

tributed over a lengthening path. As is shown earlier, the

path length of the discharge increases from s at no flow- to

2u&+8 W-h%flow.

The effect of temperature on total energy has been show-n

i% be negligible over the range –67° to 80° F (ref. 1). An
increase in electrode spacing with constant settings of the
ignition system increases the energy because the discharge
resistance increases without allectiug the current markedly.
The effect of electrode diameter is negligible.

Separation of total energy into its component parts.-The
total energy of a spark discharge can be separated into its
component parts when the voltage drop of each specific
region along the discharge length is know-n. The voltage
drop, determined as a function of time, is used with instan-
taneous-current wh.ws to determine energy. Since only tvio
regions, cathode and positive-column, are considered, only
the cathode ener~gy need be determined. The positive-
column energy is then the difference betvieen the cathode
energy and the total energy. The cathode ene~ represents
a substantial part of the total energy. For example, refer-
ence 3 shows that one-third to one-haJf of the total energy is
dissipated in the cathode region for a typical imgition con-
dition.

SPARK DURATION

The duration of a spark discharge is primarily dependent.
on the relative values of resistance and capacitance in the
ignition source, although factors of the gas stream do have
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FIGURE12.—Effect of air velocity and preswre on duration of dis-
charge for constant settings of ignition system. Temperature,
80° F; electrode spacing, 0.125 inch; electrode diameter, fin inoh.
(Data from ref. 1.)

some effect. Figure 12 shows that the duration of the spark
discharge is decreased by increasing the velocity and the
pressure. Both of thesa factors increase the electrical re-
sistance of the discharge and result in a larger voltage re-
quirement. The mtium voltage of the spark source is
reached in a shorter time (fig. 5(b)), and the discharge then
tenses. Increasing the electrode spacing also caus~ the
same result because it increases the length of the discharge.

EFFECT OF PARAMETERS ON IGNITION ENERGY REQUIRE-
MENTS OF FLOWING GASES

The most important spark characteristic determiningg the
ease of ignition is energy. If ignition is considered as a
thermal mechanism, energy determines the amount of heat
added, and hence the temperature rise of a volume of the
combustible mixture. This seotion discusses the effects on
ignition energy requirements of a number of variables that
may be encountered in jet-engine operation. Some of the
data to be presented were obtained at electrode spacings less
than the quenching distance and so do not represent the
minimum energy that would have been required with an
optimum spacing. These data are indicated on the figures
as hwing been obtained within the quenching distance.

VELOCITY

The effect of velocity on ignition energy is shown in figure
13. The required energy increases approximately linearly
with velocity for both sets of data. The slopes of the curves
are not directly comparable because of ditlerencw in pressure
and electrode spacing. For example, figure 13(a) shows that
an increase in mixture velocity from 5.0 to 54.2 feet per
second required approximately a 300-pereent increase in
energy, whereas figure 13(b) shows that the energy increase
is only about 50 percent for a velocity increase from 50 to
200 feet per second.
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(a) @S velooity and pressure. Data obtafned in simple flow appa-
ratus; eleotrode spaoing, 0.25 inch (less than quenohing distance);
spark duration, approximately 600 to 800 rnioromconds. (Data
from ref. 2.)

(b) Gas velocity. Data obtained in controlled-turbr.denoe nppn-
ratua; electrode spacing, 0.37inch; electrode diameter, 0.0226inoh;
spark duration, approximately 600 mioroeeconds. (Data frosn
ref.5.)

FTQUEE 13.—Effect of gas velocity and prewmre on energy rcquhed
for ignition. Temperature, 80° F; fuel-air ratio, 0.0835.

FrcwRE 14.—Effeot of initial temperature on total igrdtion energy.

Pr essure, 5.0 inches of mercury absolute; fuel-air ratio, 0.0S36;

gas velocity, 50 feet per seoond; electrode spaoing, 0.37 inoh;
spark duration, 440 microseconds. (Dab from ref. 6.)



SPARK IGNITION OF FLOWING GASES 807

70

\
60

c,

50

;
2:==

%4 o 1’
>.
P
:

I,

<) o

E30
z
0

~

IQ IStoichiam etric

20 f /
1“
I

/

L. P- y ‘
10 1 ,/

I ~ -

I

I
I

?04 06 .08 .10 .12 .14 .16
Fuel-air ratb

FIGURE 16.—Effect of fuel-air ratio on total ignition energy. Pree-
sum, 5.0 inoh= of mercury absolute; temperature, 80° F; gae
volaojtY, 60 feet per second; electrode spacing, 0.723 inch; sprk
duration, approsbnately 440 microseconds. (Data from ref. 6.)

PltESSUEEAND TEMPIIBAi%ItE

The effect of pressure on ignition energy is shown in figure
13(a). Energy decreases with increasing pressure in the
sctme manner ns found for ignition under quiescent conditions
(ref. 10). The relation for ignition under flow conditions is

Ecc~. The exponent n varies from about 1 to 2 for these

data:
The effect of temperature (fig. 14) is also consistent with

the trend found for quiescent gases (ref. 11) in that ignition
energy decrenses with incensing temperature.

PIJl?L-AIRRATIO

The effect of fuel-air ratio on ignition energy of flowing
gases (fig. 15) is consistent with the trend observed for
quiescent gases except that energy requirements are greater
with a flowing mi.sture. The same fuel-air-ratio limits and
minimum-energy point am observed. Close examination of
the data points on the rich side of the minimum shows that
the data might be better represented by the dashed line.
Such double. lobes have been observed in flammability-limit
investigations with quiescent mixtures (ref. 12). The exist-
ence of a double lobe in figure 15 is questionable, however,
and no great significance is attached to it.

TURBULENCE

If a turbulence promoter such as a wire screen is placed
upstream of the spark electrodes, the ignition energy re-
quirement varies with the mesh size and the distance be-
tween promoter and electrodes. The trends are illustrated

in figure 16, and the data are listed in table II. The ignition

energy increases with increasing mesh size and tith de-

crenaing promoter-to-electrode distance.

TABLE IL—TURBULENCE AND IGNITION ENERGl” DATA

E%SSQIS,6.0h E@ abs;Wwer@m, W F;dstsframref.5.]
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lal ...----- -------- -------- M 1%
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“JObtained using sir. Date uncmreatd for knpofhotwkl.
●- wf=e; fnd- mtfo, o.w (bY mkht ; ekhade sradw, 0.37fn.
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(a) M~h tize, 0.235 inch.
FIQWEE16.—Effect of velocity on ignition energy for various eizeE

and looations of turbulence promoters. pressure, 5.0 inohes of
meroury absolute; temperature, 80° F; fuel-air ratio, 0.0835;
eleotrode spacing, 0.37 inoh; eleotmde diameter, 0.022S inoh;
spark duration, approsimat.dy 500 rnicroseoonda. (Data from
ref. 5.)
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VCklcity,ft/sec

(b) hf~h size, 0.525inoh.

J’rWJRE16.—Ckmoluded. EEect of velocity on ignition energy for I
of meroury absolute; temperature, 80° F; fuel-air ratio, 0.0835;
duration, approximately 500 microseconds. (Data from ref. s.)

Attempts have been made to analyze the effects of turbu-
lence promoters on ignition energy in terms of the charac-
teristics of the turbulence produced. Figure 17 shows the
effect of velocity, distanm, and mesh size on the experi-
mentally measured values of intensity of turbulence. As
the ratio of distance to mesh size z[m is decreased, the in-
tensity of turbulence increases. Comptin of the data of
figures 16 and 17 indicates that the minimum ignition energy
required increases with an increase in turbulence.

Another turbulence factor that must be considered is the
scale of turbulence, which can be important in eddy diffusion.
Table H shows values of scales and intensities of turbulence
and ignition ener@s for various mesh sizes, promoter-elec-
trode distancea, and velocities. The scale of turbulence
has no apparent effect on energy if data at constant velocity
and at approximately constant intensity are compared, as
in table ~. Hence, for conditions covered by this work,
scale of turbtience may be neglected.

SPARK D~l’10N

The effect of spark duration on the energy required for
ignition at velocities of 5.0 and 54.2 feet per second and

TABLE 111.-EFFECT OF SCALE OF TURBULENCE ON LINE
SOURCE AND TOTAL IGNITION ENERGIES
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I , t , , , I
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(o) kleah size, 0.625inch.
‘arious S~m and lomtions of turbdence promoters. Pressure, 6,0 hIChCS

electrode sDacing. 0.37 inoh: eleotiode diameter. 0.0226 inoh: stmrk-, ,.

pressures of 3 and 4 inches of mercury absolute is shown ill

figure 18, As the spark duration was reduced from about
25,000 microseconds to about 100 microseconds, which was

the limit of the me&mring apparatus, the required energy
decreased. The relation between energy and duration is
not linear and is of the form Hat: where n< 1. The decrease
in energy with the shorter durations may be explained. in
terms of the sparkdischarge length. Decreasing the clurw
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FIWJ_EiE 17.—Effect of z]m on @U for various values of mesh size
and velocity. (Data from ref. 5.)
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FICtURB18.—Effect of spark duration on energy required for ignition.
Temperature, 80° F; fuel-air ratio, 0.0835; eledrode spacing, 0.25
inoh (km than quenching distance). (Data from ref. 2.)

tion reduces the length of the discharge and thereby distri-

butes the energy over a smaller volume. This distribution

should result in a more effective ignition source.

An attempt was made to defie minimum ignition require-

ments for very short duration discharges. A capacitance

spark, that is, one obtained b-j discharging a condenser di-

rectly into the gap, was used. The energy values obtained

in this manner, for a sparlI duration of 1.5 microseconds,

are shown in @e 18. The fact that. these energies are

higher than those for longer duration sparks is contrary

to the trends observed for spark durations between 100 and

25,000 microseconds. The discrepancy is explained in ref-

erence 3 as possibly being due to differences in the way the

energy is distributed along the discharge length. It is not

due to the fact that the data were obtained tith electrode

spacing lees than quenching distance, since reference 3 shows

the same trend tith spacing equal to quenching distance.

ELEC1’llODESPACING

As shown in tigure 19, the effect of electrode spacing on
ignition of flowing gases is similar to that observed for quies-
cent gases (ref. 10). As the electrode spacing was increased
from about 0.25 inch, the energy required decreased for a
variety of electrodes. With the smaller electrodes the spac-
ing for minimum energy was not sharply defied. The in-
crease in energy at spacings less than 0.65 inch is attributed
to quenching of the initial flame zone by the electrodes.
At the optimum spacing (0.65 in.), or arbitrarily assumed
quenching distance, the quenching effect is a minimum.
This quenching distance is the same as found for quiescent
mixtures for the particukw pressure and fuel-air-ratio condi-
tions (ref. 10). The energy requirement increased at spac-
ings greater than 0.65 inch for the same reason that the
energy requirement increased with increased flow velocity,
thnt is, the lengthening of the discharge path.

ELECTRODE DIAMRTER AND CONFIGURATION

The effects of electrode diameter and configuration are also
shown in figure 19. The data show that at the quenching
distance (0.65 in.) the size or shape of the electrodes has no
signihnt effect. However, at shorter spacings the larger
elcctrodea require more energy for ignition because of their
larger surface area for flame quenching. This same trend
has been observed for capacitance sparks in quiescent mix-
tures (ref. 10). The fact that the sharp-needle electrodes
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FIGURE 19.—Effect of electrode diameter, configuration, and spacing
on ignition ener~. I?reasure,3 inches of mercury absolute; tem-

- perature, 80° F; fuel-air ratio, 0.0835; veloci~, 5.0 feet per second.
(Data from ref. 3.)

required slightly higher energy in spite of smaller surface
area may possibly be due to differences in the manner in
which the energy is distributed along the length of the
discharge for sharp points and rods.

TYPE OF DISCHARGE

The type of discharge used aflects the energy required.
Figure 20 shows data obtained with stainless steel electrodes
that resulted in a glow discharge and data obtained with
cadmium electrodes that resulted in a discharge designated
as an arc-glow discharge. This discharge started as an arc
discharge but changed into a glow discharge. For most of
its life it was an arc discharge, however. The glow dis-

charge required a higher ignition energy than did the arc

discharge. This effect was not due to differences in elec-

trode material, for after many trials a glow discharge was

obtained with the cadmium electrodes. The energy value

so obtained waa comparable to that obtained with the

stainless steel electrodes.
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I?mmm 20.—Effect of eleotrode material and spacing on ignition
energj-. I?rwsure, 3 inch- of mercury absolute; temperature,
30° F; fuel-air ratio, 0.0335; velocity, 5.0 feet per seoond. (Data
from ref. 3.)



—.

810 REPORT 1287—NATIONAL ADVISORY COMMI’IYWE FOR AERONAUTICS

The fact that the arc discharge has lower cathode and
total energy may indicate that the positiv~olumn energies
of both arc and glow discharges were equal and that the
ignition occurred in the positive column. There are no
experimental measurements of cathode energies for the arc-
glow dischaxge; the experimental method used for the glow
d~charge failed when such measurements were attempted
because the transition between arc and glow upset cross-
plotting techniques. Therefore, positive-column energies of
the two discharges cannot be compared at the present time.

ELECTRODE MATEIUAL

Investigations such as those reported in reference 13
indicate that electrode material has an effect on ignition in
quiescent mixtures. The data show that decreasing density
of the electrode material generally decreased the amount of
energy required to ignite a flammable mixture. However,
the type of discharge, that is, arc or glow, was not deter-
mined, and the observed effect may have been due to the
type of dischaxge and not to the electrode material.

The effect of electrode material on ignition of flowing
gases is reported in reference 3, which shows that at least for
the glow discharge the ignition energy is negligibly affected
by electrode material. Data reported in reference 3 may
be summarized as follows:

Metal

H
Ignltlnn

ml%% ●

k~.--------..-.-.---.--. 17.Z+o.5
B---------------------- 17.a 5
cadrnlum-------------- 1K6+CL5
Alolntnum _ . . . ..____ .- 19.* 7
~------------------ 19.=0.9

. Obtalmd with Wmkllam. 8’@erEsSWWCI

&&%’’Jy+FkJ’’’’’-s%%=%&

DEVELOPMENT AND TESTS OF A THEORY OF IGNITION OF
FLOWING GASES

It is shown previously that a large number of variables

affect not only the physical and electrical characteristics of

a sparlc discharge but also the ease of ignition of a flowing

combustible gas. Theoretical equations that shorn how

these variables may be related for both nonturbulent and

turbulent flow are discussed in this section. Experimental

data that are available are then applied to these relations.

CONCEPTOFLINE SOURCEOF ENERGY

hlost investigations of ignition of combustible gases

consider total energy of the discharge as the experimental

variable. It is noted earlier, however, that the total energy

is not distributrxi uniformly along the length of the discharge

and that the distribution may be important to ignition.

Ignition may conceivably proceed from ordy a portion of the

discharge length, and the energy contained in this length

must then be the basis for theoretical analysis. The model

used to develop a theory for the ignition of flowing gases is

shown in figure 21. After a spark discharge moves dotvn-

stream and is extinguished at time t,,there exists a heated
zone larger in diameter than the dischaxge itself but in a

path coincident with that of the discharge. The vertical
portion of the discharge (fig. 21) moves at stream velocity
sc that the same volume of gas is continuously heated,
whereaa the legs of the discharge lengthen with tirm so that
fresh gas is continuously being heated at the electrode ends
of the discharge. Hence, it maybe considered that tho zone
surrounding the vertical portion of the dischargo is at a
much higher temperature than the legs and, therofom,
constitutes a more probable zone of ignition. This vmtical
zone, or line source of ignition, is used in the developmen~ of
the theory of ignition of flowing gases.

The line source of energy consists of a portion of the posi-
tive column of the dischaqge. The energy dissipated in the
cathode region is assumed to be unimportant to tlm ignition
proces This is a reasonable assumption, since, according
to reference 8, in a glow discharge almost all of tlm cathodo
energy is lost to the cathode.

The energy in the line source of ignition can be calculated
if two assumptions are made. The &t assumption is that
the total amount of energy in the discharge at any timo
varies linearly with time. Actually, for the ignition data
presented herein the energy goes into the discharge some-
what more rapidly during the first part of the disclwgo;
however, the ass~ption of uniform energy release is bolievocl
sufEciently accurate for practical use. The second as-
sumption is that the power per unit length of dischargo at
any time is constant. The power can be based on either tho
total power if the cathode energy is assumecl uniformly
distributed throughout the gap or on the power in the posi-
tive column. Actually, in order to agree with the concop~
of the line source of energy, the power should be based on
the positive column only; but for practical reasons involved
in measurement of cathode energies, total power is USOCIin
most of the analysis. Correction of the data to includo
positive-cohunn energies only is discussed later.

The average power Pa, of the total energy lZ, is E,/t,,

where t, is the spark duration. This average power is
divided into two portions: the line source and the legs of Lho
discharge. The relative amounts dissipated in each r~gion
depend upon the respective lengths of the legs and, honco,
on time and gas velocity. The amount of power availablo
for the line source at any instant is

P,,=Q- P.,
2Ut+8
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The ommgy of the line source E,, is the integral of this in-
strmtaneous power with respect to time taken over the
discharge duration or

(2)

Equation (2) assumes the cathode and anode energies to
bo uniformly distributed over the whole length of the dis-
charge, If the cnthode energy is aasumed to be lost to the
electrodo, E, in equation (2) may be replaced by EP whare
EP=E,–E,:

(3)

Equation (2) is used herein because E., and hence E,, are
diflicult to measure accurately.

DEVELOPMENT OF THEORETICAL EQUATIONS

The process of establishing steady burning of a homo-
geneous fuel-air mixture from a longduration discharge is
visualized as follows: The line source of ignition is assumed
to supply the heat necessary to raise the temperature of the
heated zone to flame temperature. The initial flame then
propagates if the heated zone is of proper volume to W
the condition that the rate of heat generation in the volume
be equal to or greater than the rate of heat loss from the
volume. An additiomd requirement is that the electrode
spacing be equal to the quenching distance in order, to
preclude quenching effects. No heat losses from the heated
zone either to the electrodes or to the gas during the spark
duration me considered; also, no heat is considered to be
supplied from any chemical reaction during this period.

The relation between ignition energy and operating vari-
ables can be determined by comparing the line-source energy
with the theoretical amount of energy necessary to raise
the temperature of the volume under consideration to flame
temperature. The radius r of the heated volume (fig. 21)
is the unknown dimension of the volume. Since both the
rate of heat generation and the rate of heat loss are functions
of the radius, equating these rates results in a value for the
critical radius. The rate of heat generation in this heated
zone is dependent upon the size of the volume and upon a
reaction-rate term, whereas the rate of heat loss not only
depends upon the size of the zone but also upon the method
of heat transfer, that is, thermal conduction or eddy dif-
fusion. According to the concept of a line source of energy,
the zone is moving at stream velocity and, therefore, may
be considered M a zone in a quiescent mixture if no turbu-
lence is present. Heat is, therefore, lost from the zone by
thermal conduction (neglecting radiation). If turbulence

is present, heat can be lost by both” thermal conduction and
eddy diilusion. The equations have been developed for
two cases: (1) heat transfer by thermal conduction when
intensity of turbulence is low and (2) heat tmmsfer by eddy
diflusion when intensi~ of turbulence is high. In the latter
0s90 it was assumed that thermal conduction is negligible
compared to eddy difFusion.

Nonturbulent flow,-The equations for the rate of heat
generation and the rate of heat loss are those of reference 11
converted from the spherical to the cylindrical case:

Eod
Rate of heat -generated= &dQQXJXOp2aey’ (4)

Rate of heat loss=2m@~-T-)
re

=2m-@(TF-Tti)
CIT (5)

The term CIT haa been substituted for~,a as done in reference
11. This substitution is an approximation; proof for its use
is as follows: Equating equations (4) and (5) and solving
for r give

“=c~ “)

Equation (6) gives the critical size of the zone and indicates
that r is inversely proportional to the square root of reaction
rate. In a flame front the thickness of the reaction zone

~,. is approximately invemely proportional to the square
root of the reaction rate; hence, T must be proportional to

~,.. The =ountof energy necessary to increase the tem-
perature of the zone from Tamto T= is

E,,= Jmr’d,pcp(TF-Tm)

27rJKo?#p(TF-Tm)’=
Eocc

clQXfXopae‘F

(7)

The theoretical energy should be equal to the line-source
energy,

or

>= ?“%+’)

4m7Ut,xcP[Tr–Tin)’ ~
(8)

. clE,QX,Xopae ‘~

Turbulent flow.-For turbulent flow the rate of heat loss
depends on the rate at which mass is transferred by eddy
diilusion through the cylindrical surface of area 2zrd,.
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The two factors that control the diffusion process are the
intensi~ and the scale of turbulence. When the scale of
turbulence is large compared to the flame-front thickness
m it is for this problem, the effect of scale on the &lon
process is negligible compared to the effect of intensity of
turbulence; hence, the effect of scale is not included in the
analysis that follows.

The rate of heat loss is a function of the product of surface
mea, density, specific heat, temperature difference, and a-
term representing the veloci~ with which heat moves
through the surface. The velocity term can be represented

by some function of the intensity of turbulence, or f’(’~.

The function involves the fit power of @ in order to be
correct dimensionally. Thus,

Rate of heat los9=2m&pcp(TF-Tm)j ‘(~ (9)

For ignition conditions equation (9) equals equation (4).
Solving for r gives .

2C,(T.—TA flr= _~ (m

Qxjx*pae “

The theoretical energy required to increase the temperature
of the heated zone to flame temperature under turbulent-
flow conditions is

z,= Jm%i&PP(T, –Tam)

where j(@) is a new function of the intensity of turbulence.
The relation between the theoretical and the line-source

energies is therefore

or

APPLICATION OF THEORETICAL EQUATIONS TO EXPERIMENTAL DATA

Only limited data are available to verify the theoretical
equations. Although a considerable amount of data has
been obtained, much of it cannot be used in the equations
because of d.iflerences in type of discharge or because elec-
trode spacings were less than the quenching distance.
The data used with the equations following are those
obtained with glow discharges and with spacing equal to the
quenching distance.

Nonturbulent flow.-Dat.a to be applied to the nonturbu-
lent-flow equation were obtained with one fuel and one
fuel-air ratio; hence, equation (8) may be reduced to

cJJt.KcPTF(TF-T.m)2=h W;+&
E.d (12)

q
pE,e “

where pa if. A plot of this relation is shown in figure 22
F

along with a table of the operating conditions and references
for each point. The correlation is satisfactory for the
limited data available.

Equation (8) indicates that there is an effect of fuel-air
ratio. The data of figure 15 were applied to this equntion
which, for the operating conditions of the figure uncl for
pK I/TF,reduces to

2ut*+-d,
E.X/XO in ~

In
()

1
TF(T,–T~);

=C3+C4 ~F (13)

A plot of the data using equation (13) is shown in figuro 23.
A single straight line, which would be predicted by the theory,
was not obtained. There is a factor of about 2 botwwm
the values for the rich and lean ends of the curve. Possiblo
reasons for this discrepancy are discussed later.

- - —— , ,

2Ut$+ dg
dq

~GURE 22.-correlation of nonturbulent-flow data at. fuel-nir ratio
of 0.0835.
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Turbulent flow.-The data used to verify the turbulent

flow equation (11) are those presented in @e 16. For the

conditions used to obtain these data, equation (11) may be

reduced to

(14)

Data calculated according to this relation are plotted in
figure 24, which shows that a reasonably good correlation
exists among the variables: energy required for ignition,
stream velocity, and intensity of turbulence. The data
correlated with an average deviation of 11 percent and a
maximum deviation of 35 percent.

In developing the theory, the effect of scale of turbulence
was considered unimportant. Experimental verification
of this fact is indicated in table 111, which shows a compari-
son of both line-source and total ignition energies at approxi-
mately constant intensities of turbulence but varying
scales of turbulence. With the experimental errors involved
and small variation in scale investigated, it must be con-
cluded that the effect of scale, if any, is small.

DISCUSSION OF THEORY

The theory that is described in the preceding section and
its experimental verification mark the fit attempt to treat
ignition of flowing gases and, as such, are greatly simplified.
The many approximations and assumptions that are made
may be summarized as follows:

(1) The analysis is based on a second-order reaction for
the rate of heat generation.

(2) Diffudon processes are neglected.
(3) Radiation from the ignition zone is neglected.
(4) An approximation is made of thickness of the reaction

zone.
(5) The average power of the discharge is assumed to be

constant.
(6) The discharge is assumed to take the shape of a square-

cornered V; rounding effects at the corners are neglected.

(7) Cathode energy is assumed evenly distributed along
the length of the discharge.

(8) There are no heat losses from the heated zone left
by the spark during the duration of the discharge.

(9) There is no heat resulting from chemical reaction in
the heated zone during the duration of the discharge.—— ——... _

hhmy of these assumptions co-uld be rem-oved from the
theory, but the theoretical treatment would be unduly
complicated.

The data used to verify the theory are limited in scope. This
is the result of using data from one type of discharge (glow).
Glow discharge are mostly obtained at low pressures, and
arc discharges are obtained at higher pressures. JZnergy
measurements mot be made at higher pressures, because
the small amount of energy required for ignition at high
pressures becomes comparable to the energy stored in the
capacitance of the voltage divider. This latter energy is
not measured by the oscillographic technique used.

The effects on ignition energy of all operating variables
except fuel-air ratio were correlated by the theoretical rela-
tions. Other inveatigatms have also encountered inconsis-
tencies in variable-fuel-air-ratio data. For example, in
reference 10, which describes an ignition theory of quiescent
gases that is sepaxate and distinct horn the one described
herein, data obtained over a range of fuel-air ratios did not
correlate vvith theoretical relations. The trends observed
with the two theories may be compared by calculating the
ratios of theoretical to experimental energy for the two sets of
data. The term

4uJut,Kc.(T.-Tmy

* 2ut,+(-&cE,QX1Xopa4 “In d

derived from equation (8) represents the ratio of theoretical
to experimental energy for the data contained in this report.
The values of K and CPin this equation were assumed con-
stant, and a value of 26 kilocalories per mole was used for
Eact. The energy ratios for the two sets of data were multi-
plied by constants in order to adjust the energy ratios to a
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value of 1.0 at an approsimately stoichiometric fuel-air ratio.
The adjusted data are plotted against fuel-air ratio in figure
25. Both theories give predicted results that deviate from
experimental results in the same direction. While neither
theory can be used to predict trends exactly, the theory
described herein more accurately predicts trends at richer
than stoichiometic fuel-air ratios.

In reference 6 variabl#uel-air-ratio data were correlated
empirically by multiplying the term in the left side of equa-

tion (13) by the factor 1~~ where Xf is the mole fiction

of the fuel. This correlation is shown in figure 26. A value
of activation energy was calculated from the slope of the
curve to be 24.S kilocalories per mole, which agrees with
literature valuw.

(j.(f~
While the correction term 1~ was determined em-

f
pirkally, it may have theoretical significance. For example,
the term may correct the total energy -Z, to a value

‘F%) ‘r=% ‘hsmayhtiwte&epOwi-
bility of energy 10= occurring before ignition; the loss would
be dependent on the total energy and on fuel concentration.
The loss may occur by heat conduction and be dependent on
temperature and time. Considering the heated zone left
by the spark, the temperature of the zone should be roughly
dependent on E,. The term l/Xf can represent time if
ignition time lag is assumed to be inversely proportional to
X,, as is reported in reference 14. The concept of an enexgy
10.ss,however, is questionable for two reasons. The theory
considers the heated zone left by the spark as being at or
near flame temperature so that the time lag should be
insigniiicnnt. AIso, since time kg is affected by pressure
(ref. 15),a presme term that might or might not destroy

previous correlations should be included in the equations.

The term l% might also be a correction term to tlm

total energy for variations in energy distribution along tha

spark path. As noted earlier, for practical reasons tho total

energy of the discharge instead of the positive-column energy

was used in the theoretical calculations, although remdts

have indicated this latter energy to be the important factor,

Therefore, if the positive-column energy were~sed in tlm

()
theory, the energy would be E,—E. or E, 1—f . If tlm

ratio of cathode to total energy E,/E, were suffi~imtly de-
pendent on Xf, the discrepancy between theory and mTeri-
ment could be explained. Figure 27 shows that 17Jl?, doos
actually decrease with increasing Xf for both low and high
velocities; however, the decrease is only about 20 percmL
While this correction for cathode energy would improve the
fuel-air-ratio correlation somewhat, a much larger factor is
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FIGURE 26.—Empirical correlation of ignition energy ddn (fig. 16)
obtained over fuel-air-ratio range of 0.045 to 0,106.
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Them am probably other factors that may be responsible
for the observed discrepancy. Preferential diilusion of
the doficicmt reactant in the combustible mixture could be a
contributing factor, aa discussed in reference 10. Or possibly
some cool flame mechanism that results in diiferent activa-
tion energy in lean and rich mixtures maybe present. Both
of them items me qualitatively in the right direction to
account for this difference between lean and rich data.
Actually, a combination of the above factors maybe respon-
sible for the discrepancy. Further research on all the facto~
discussed is indicated. r

SIGNIFICANCE OF RESULTS Ii RELATION TO PRACTICAL
IGNITION PROBLEMS

lkfost research on spark ignition reported in the literature
has been conducted with quiescent gases; the work contained
herein comprises the bulk of information that is available
on ignition of flowing gases. The purpose of this section of
the report is to point out the significance of this latter inform-
ation with relation to practical ignition problems.

The experimental data on ignition of flowing gases show
that the energy required for ignition is low even under severe
velocity, pressure, and turbulence conditions. The amount
of energy is measured in millijoules, whereaa in aircraft oper-
ation an amount of 3 joules or more is not uncommon. It is
obvious that there is room for improvement in ignition. hy
means whcmby lower ignition energies would be obtained
would lead to the development of simpler, lighter weight,
more efficient, and possibly, more reliable ignition systems.

One cause of the high ignition energy requirement in en-
gines must be the mixture composition, which is quite difFer-
cnt from the homogeneous composition used herein. The
fuel-air ratio near the line source of ignition in an engine
depends upon the degree of atomization of the fuel, on fuel-
spmy and air-flow patterns, and on the rate of vaporization
of the fuel. This localized fuel-air ratio varies with operating
conditions, and at any one operating condition, variea with
time because of the fluctuating flow patterns that are inher-
ently present in combustors. With these nonsteady hetero-
geneous fixture conditions, the ignition energy requirements
may be many times greater than energy values reported
herein. Temperature may also be important in ignition of
the heterogeneous mixture, for some energy is needed to
vaporize the liquid drops, the colder drops requiring
more energy than warmer drops. Decreasing fuel volatility
should also increase the energy requirements. All these
factors cm ha,ve adverse effects on ignition and, therefore,
pose problems in the design of ignition systems.

Ignition in an engine should occur preferably in a sheltered
region, that is, a region where low turbulence and low velocity
exist. Such a region is difiicult to find in the practical jet-
engine combustor. The high mass-flow rates together with
the air-entry-hole arrangements required to achieve high
combustion efficiencies and uniform outlet temperature pro-
files make it &&cult to provide such regions. Although tur-
bulence is not desirable for easy ignition, it appeam to be
necessary for propagation of the initial flame throughout the
combustor. Therefore, ignition syst ems must be designed for

the necessary turbulent condition. However, turbulence by
itself, as shown herein, does not result in excessive energies if
the mixture conditions are suitable.

Low velocities and short spark durations are desirable be-
cause they result in short spark-discharge length. Spark-
discharge length is responsible for many of the trends ob-
served. It determines current, voltage, energy and energy
distribution, occurrence of multiple discharges, and ignition
characteristic. The current and the voltage have little prac-
tical sign.i.tlcance, but the other factors are important.

Increased discharge length due to either velocity or time
increases the resistance of the discharge and thereby changes
the division of energy among the legs of the discharge, the
We source of ignition, and the impedance of the ignition
source. The larger the discharge resistance, tbe smaller the
loss in the impedance of the ignition source; hence, the effi-
ciency of the ignition system is actually increased by increased
discharge length. For a low-impedance source this increase
in efficiency may be insignificant, however.

Although the efficiency of the system is improved, the
amount of energy that goes into the line source of ignition is
actually decreased as velocity is increased. Larger portions
of the ener= are then wasted in the legs of the discharges.
Thus, as the length is increased with flow velocity and time,
it becomes necessary to increase the total amount of energy
if ignition is to be obtained.

Lengthening of the discharge path is also responsible for
the occurrence of multiple discharges. Nlhltiple discharges
should normally be avoided because only one of the discharges
may be expected to cause ignition. The energy in the other
discharges is wasted. In the case of homogeneous mixtures,
the fit of the multiple discharges should cause ignition be-
cause it contains more energy than subsequent discharges.
In the case of heterogeneous mixtures found in engines,
however, one of the subsequent discharges might occur in a
better fuel-air mixture and so cause ignition even though it
has an energy somewhat smaller than the energy of the first
discharge. Ease of ignition depends upon the actual varia-
tion of fuel-air ratio with time. Without knowledge of this
variation, it is impossible to conclude that multiple discharges
are desirable. It is also impossible to determine what the
energy content and spark@ rate should be for the repetitive
discharges produced by commercial ignition systems. A re-
duction in the fuel-air-ratio fluctuations would lead to lower
energies and lower sparking rates.

It is noted previously that the smaller the discharge
length, that is, the lower the velocity and the shorter the
spark duration, the smaller is the amount of energy required
for ignition. However, the ignition energy at extremely
short durations is higher than that found at somewhat
longer durations. This, however, has only been observed
under low-velocity conditions. With high velocities the
short-duration discharge would be expected to require less
energy than the long-duration discharge because of the
reduced discharge length.

This research has indicated another significant fact which
may not be generally known; namely, the breakdown voltage
is not ailected by the flowing stream. It is just as easy to
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est nblish a spark discharge in a flowing stream as in a
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quies-
cent one. No voltage limitation is, therefore, imposed on
an ignition system when it is used to ignite a flowing gas.

Finally, the significance of the theoretical research is in
predicting how ignition energy requirements will be affected
by a number of parameters. Exact values of energy ma-y
not be ~-ven by the theory, but at least the order of mabti-
tude of energy change can be predicted. The results con-
firm the concept of a line source of ignition.

This research may be summarized to give the following
ideal environment al conditions for ignition b-y electrical
discharges:

(1)

(2)
(3)
(4)
(5)
(6)

(7)
(8)

(9)

Low gas-stream -relocity
High pressure
bcation of discharge in best mixture composition
High gas-stream temperature
Low turbulence in gas stream
Optimum spark duration as dictated by gas-relocity

condition
Electrode spacing maintained at quenching clistance -
Small electrodes, if electrode spacing is less than

quenching distance
bc discharge in preference to glow discharge

These conditions are desirable from ifition considerations
only. For over-all engge operation, all of the conditions
may not be practical.

LEWIS FLIGHT PROP~SION LABORATORY
XATIONAL ADVISORY“COMMI~EE FOR AEROXAGTICS

CLEVELAND,Oreo, June 20, 1966
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